Extensive efforts have been dedicated to the development of polymer electrolyte membrane fuel cells (PEMFCs) as promising alternatives to fossil fuels owing to their high energy efficiency and low emissions.^[@ref1]−[@ref3]^ The main bottlenecks for PEMFC technology are the sluggish oxygen reduction reaction (ORR) and the high cost of platinum required to accelerate the ORR in the highly acidic and oxidizing environment of a PEMFC cathode.^[@ref4]−[@ref6]^ The development of active and durable catalysts with reduced Pt content is of paramount importance for PEMFC commercialization. Much progress has been made in reducing the Pt loading by alloying Pt with transition metals such as Co, Ni, Cu, *etc*., as not only is less Pt wasted in the core, but the Pt-based alloys (PtM) often exhibit enhanced activity and durability compared to pure Pt.^[@ref7]−[@ref11]^ The promoting effects induced by the transition metal are to weaken the binding energies of oxygen-containing ORR intermediates (*e.g*., O, OH, OOH) *via* altering the electronic property (such as the d-band center or vacancy) of the Pt-rich shell.^[@ref12]−[@ref15]^ This is primarily induced by two effects: the geometric or the strain effects that refer to the changes in the Pt--Pt bond distance on the surface,^[@ref16]−[@ref18]^ and the electronic or the ligand effects that refer to the heterometallic bonding interactions between the Pt surface and the alloy substrate.^[@ref17]−[@ref20]^ These two effects can be fully accounted for by the d-band theory developed by Nørskov *etal*.,^[@ref12],[@ref14],[@ref17],[@ref21]^ which demonstrates that the Pt surface d-band center (with some limitations^[@ref22]^) or the Pt--O binding energy can serve as a valid activity descriptor for Pt-based catalysts with well-characterized surfaces. However, it is impractical to use these properties as activity descriptors for PtM NPs given the fact that they can be measured only on well-characterized surfaces in ultrahigh vacuum (UHV), whereas the surface composition and morphology of PtM NPs are complicated and often change drastically under the electrochemical environment during reactions. Although the beneficial role of M in the ORR activity of PtM NP catalysts is generally understood, a clear correlation between their ORR activity and atomic structure has not been established. Neither has a valid activity descriptor that can be easily controlled and measured been identified. This causes the catalyst synthetic approaches to be more empirical with little knowledge on the structural and morphological factors to be controlled in order to achieve the most optimal catalyst structure with highest activity.

The atomic composition plays a critical role in determining the particle morphology and ORR activity of PtM NPs. Pt mass-based activity (MA) enhancements of a factor of 1.5--2.5 compared to Pt/C NPs have been reported in conventional Pt~*x*~M (*x* \> 1) NPs.^[@ref7],[@ref8],[@ref23],[@ref24]^ More recently, M-rich Pt~*x*~M NPs (*x* ≤ 1) subjected to an (electro)chemical dealloying process in acid are demonstrated to exhibit 4--8 times higher MA than the state-of-the-art Pt/C,^[@ref9],[@ref25]−[@ref28]^ superior to those of conventional Pt alloys. The conventional and newly developed dealloyed PtM catalysts possess dissimilar structures, which to a large extent arises from their different precursor atomic compositions. In general, the depletion of the soluble transition metal M in Pt~*x*~M alloys with low M concentration (*x* \> 1) in acidic pH environment is limited to the surface region, resulting in thin Pt-rich shell and solid M-rich core structures. In the case of Pt~*x*~M NPs with high M concentration (*x* ≤ 1), the depletion of soluble transition metal penetrates into the inner core, leading to thick Pt-rich shell and porous M-rich core structures.^[@ref29],[@ref30]^ The different levels of enhancement in ORR activity of these Pt~*x*~M alloys relative to Pt/C have thus been ascribed to their dissimilar compositions and structures. Specifically, the enhanced ORR activities of the conventional Pt~*x*~M (*x* ≥ 1) catalysts were attributed to the convoluted strain and ligand effects as suggested by the contracted Pt--Pt bond distance and altered Pt d-electron vacancy observed by X-ray absorption spectroscopy (XAS).^[@ref7],[@ref8],[@ref23]^ On the other hand, the high activity of the dealloyed Pt~*x*~M (*x* ≤ 1) is predominantly ascribed to the strong strain effects induced by the high M content in the core.^[@ref31]^ The ligand effects, which decay rapidly with layer thickness,^[@ref19]^ are negligible owing to the thick Pt overlayers. Strasser *etal*.^[@ref31]^ further show that the specific activity (SA) of dealloyed Pt~*x*~Cu NPs increases with the Cu content in the as-synthesized catalysts owing to the increasing strain. In a more recent work, they refined their earlier reports by claiming monotonic relations between the ORR activity of Pt--Ni alloy NPs with similar particle size and the initial Ni content and identifying the initial Ni content as a good descriptor for ORR activity.^[@ref32]^

However, the initial M content in the as-synthesized PtM NP catalysts can vary significantly from the residual M content in the *in situ* electrodes since a great deal of M (a less noble metal) is preferentially dissolved during the (electro)chemical dealloying, the cyclic voltammetric pretreatment, and/or the PEMFC operation.^[@ref31]−[@ref34]^ As both strain and ligand effects are induced by the M atoms in the PtM NPs under operation, it is intuitive to employ the Pt/M ratio in the *in situ* electrodes rather than in the as-synthesized powders to truly understand the composition effects on the ORR activity of PtM NPs. Indeed, it was recently shown that ORR activity of an as-synthesized PtNi~3~/C NP catalyst subjected to the chemical dealloying process with varying gas environments and acids varies significantly despite the identical initial Ni content and tracks well with the residual Ni content.^[@ref35]−[@ref37]^ On the other hand, we found the ORR activities of the Pt~1~Co~1~/C and Pt~1~Co~3~/C NP catalysts undergoing the same dealloying and preparation process were essentially the same despite the different initial Co content, which may be related to their comparable residual Co content.^[@ref33],[@ref38]^ The monotonic relation between the ORR activity of Pt--Ni alloy NPs and the initial Ni content uncovered by Strasser *etal*.^[@ref32]^ is likely due to the monotonic relation between the initial and residual Ni content of this type of catalyst. However, in general the initial and residual M content is not monotonically correlated, as the extent of M loss varies significantly depending on the initial Pt/M atomic ratio in the as-synthesized catalysts as aforementioned. For instance, multiple groups found that the as-synthesized PtCo~3~ NP catalyst ends up with a similar or even lower Co content than the as-synthesized Pt~1~Co~1~ NP catalyst after the electrochemical treatments in acid.^[@ref29],[@ref33],[@ref38]^ However, the intrinsic correlation between the ORR activity of PtM NP catalysts and their residual M content has not been established so far, and neither has a valid structural descriptor been identified that bridges the activity and the residual M content to reveal the physical origin of the composition--activity correlation.

Another pathway to increase the ORR activity of PtM NPs is to increase the atomic distribution (or alloying extent). Hwang *etal*.^[@ref39]^ proposed that the Pt~*x*~Co NPs with higher atomic distribution exhibit better ORR activity since the promoted electron transfer from Co to Pt creates fewer unoccupied d-orbitals of Pt. In addition, Shao-Horn *etal*.^[@ref40]^ found that the ORR specific activity of the acid-leached "Pt~3~Co" catalyst can be further increased by annealing it at high temperature, which forms a so-called "sandwich" structure by driving some Co atoms from the core to the subsurface. The enriched Co in the near-surface region, with consequent increase of Co atomic distribution, not only induces ligand effects but also compresses the surface Pt--Pt bond distance by suppressing the outward surface relaxation.^[@ref41],[@ref42]^ However, the atomic structure of PtM NPs often changes under *in situ* electrochemical reaction conditions.^[@ref43],[@ref44]^ For instance, it was reported that the atomic structure of PtNi~6~/C NPs transforms from chemically disordered nanophases to ordered alloy nanophases during electrochemical activation cycling, accompanied by a substantial increase in the catalytic activity,^[@ref44]^ whereas the ordered nanophases of Pt--Co/C NPs may change to disordered ones under electrochemical treatment.^[@ref45]^ Therefore, it is crucial to identify the atomic distribution of PtM NPs under *in situ* ORR conditions as well.

In this context, we have systematically conducted *ex situ* microscopic and *in situ* XAS studies on a series of Pt~*x*~Co/C NPs with varying precursor composition. The goal of this work is to develop an in-depth understanding of the relationships between the composition--structure and structure--activity of Pt-based bimetallic NPs under *in situ* electrochemical conditions and to seek valid descriptors of their ORR activity. The bond distance, atomic composition, and atomic distribution of the NPs under ORR operating conditions, properties that are the most relevant for determining the critical bulk morphology of bimetallic NPs, were quantitatively determined by a comprehensive EXAFS (extended X-ray absorption fine structure) analysis. The surface morphology and the oxygenated adsorbate coverage as a function of applied potential were obtained by surface-sensitive Δμ-XANES (X-ray absorption near-edge structure) analysis. These, along with the electrochemical measurements (cyclic voltammetry and rotating ring disk electrode), provide unique valuable information about the relationship between atomic structure and ORR activity, which is not accessible from *ex situ* experimental measurements. We thereby established a quantitative composition--strain--activity correlation of Pt~*x*~Co/C NP catalysts and identified valid ORR activity descriptors that can be measured experimentally and easily controlled. The findings from this work along with the approach used to identify the detailed atomic structure under *in situ* operating conditions are applicable to a broad range of bimetallic NP catalysts as well, providing a fundamental understanding of the atomic factors governing their catalytic activity.

Results {#sec2}
=======

*Ex Situ* Characterizations {#sec2.1}
---------------------------

[Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} summarizes the *ex situ* characterization results of the as-received Pt~*x*~Co/C and Pt/C NPs including Pt and Co weight percentage and the nominal atomic composition obtained by the element analysis conducted by TKK Inc., the crystallite size and the lattice parameter given by XRD, and the particle size distribution revealed by TEM. Note the atomic composition and distribution of the as-received samples could vary significantly under *in situ* working conditions, as emphasized in the introduction part. In the text and figure captions we refer to the samples according to their nominal atomic ratio unless mentioned otherwise. Scanning electron microscopy (SEM) shows ([Figure S1](#notes-1){ref-type="notes"}) that the nanoparticles are well dispersed on the highly porous carbon surface. The Pt/Co atomic compositions obtained by energy dispersive X-ray spectroscopy (EDS) match those provided by TKK Inc. Transmission electron microscopy (TEM) ([Figure S2](#notes-1){ref-type="notes"}) shows that all the catalysts possess comparable mean particle sizes (∼4--5 nm) with narrow size distributions. Bragg reflections revealed face-centered-cubic crystal symmetries for all the catalysts ([Figure S3](#notes-1){ref-type="notes"}). Peak shifts toward higher diffraction angles with increasing initial Co content ([Figure S3](#notes-1){ref-type="notes"}) indicate the lattice contraction induced by Co. The experimental lattice parameters match well with the theoretical values calculated based on Vegard's law using the initial atomic compositions ([Figure S3](#notes-1){ref-type="notes"}), which suggests that the majority of the Co atoms are well alloyed with the Pt atoms.

###### Summary of Element Analysis, XRD, and TEM Results

  catalyst    Pt (wt %)   Co (wt %)   Pt:Co (atomic ratio)   lattice parameter (Å)   crystallite size (nm)   particle size[a](#t1fn1){ref-type="table-fn"} (nm)
  ----------- ----------- ----------- ---------------------- ----------------------- ----------------------- ----------------------------------------------------
  Pt~2~Co/C   47.0        6.9         2.1                    3.79                    4.0                     4.3 ± 1.1
  Pt~3~Co/C   28.8        3.1         2.8                    3.83                    3.3                     3.9 ± 0.9
  Pt~4~Co/C   31.4        2.3         4.1                    3.84                    3.2                     4.3 ± 0.6
  Pt~6~Co/C   49.9        2.4         6.3                    3.87                    4.9                     5.0 ± 1.0
  Pt~7~Co/C   30.1        1.3         7.0                    3.88                    3.9                     3.9 ± 0.7
  Pt/C        52.5                                           3.92                    4.7                     4.8 ± 1.2

At least 100 particles were collected for particle size estimation. The ± indicates standard deviation.

Electrochemical Characterization {#sec2.2}
--------------------------------

The mass activity, specific activity, and electrochemical surface area (ECSA) of the Pt~*x*~Co/C and Pt/C catalysts are summarized in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The ECSAs of the catalysts were obtained from hydrogen-adsorption/desorption (HAD) analysis by integrating hydrogen adsorption area from 0.08 to 0.4 V in the cyclic voltammograms (CVs) at 20 mV/s scan rate ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Each of the Pt~*x*~Co/C catalysts exhibit marked enhancement in SA and MA over pure Pt/C, and the highest activity enhancements (6.2 times and 4.5 times in MA and SA) are comparable to those of the dealloyed Pt~1~Co~1~/C and PtCo~3~/C NP catalysts,^[@ref33],[@ref38]^ as well as other M-rich dealloyed Pt~*x*~M (*x* \< 1) NPs (4--8 times higher in MA and SA),^[@ref26],[@ref31]^ albeit with low initial Co content. Although the activity in general increases with increasing initial Co content, a strictly monotonic activity--composition correlation is not observed as the Pt~2~Co/C is not more active than the Pt~3~Co/C. Thus, the activity trends cannot be fully accounted for by the monotonic lattice contraction trend of these catalysts as expected from compressive--strain effects.^[@ref17],[@ref18],[@ref31],[@ref32]^ To elucidate the origin of the increasing activity trends with Co content, as well as the cause of the breakdown, *in situ* XAS measurements were performed to identify the atomic structure of the catalysts under *in situ* operating conditions.

###### Summary of RDE Results[a](#t2fn1){ref-type="table-fn"}

  catalyst    Co:Pt (atomic ratio)   ECSA (m^2^·g^--1^)   MA (A·mg~Pt~^--1^)   SA (mA·cm~Pt~^--2^)
  ----------- ---------------------- -------------------- -------------------- ---------------------
  Pt~2~Co/C   0.48                   47.6 ± 1.2           0.477 ± 0.022        1.00 ± 0.03
  Pt~3~Co/C   0.36                   53.8 ± 0.8           0.539 ± 0.023        1.00 ± 0.03
  Pt~4~Co/C   0.25                   52.7 ± 0.9           0.421 ± 0.038        0.80 ± 0.04
  Pt~6~Co/C   0.16                   43.9 ± 2.4           0.275 ± 0.019        0.63 ± 0.03
  Pt~7~Co/C   0.14                   49.0 ± 3.9           0.333 ± 0.031        0.68 ± 0.04
  Pt/C        0                      39.1 ± 3.6           0.087 ± 0.011        0.22 ± 0.02

At least 3 RDE measurements were conducted for each catalyst. The ± indicates standard deviation.

![Cyclic voltammograms of the catalysts taken in N~2~-purged 0.1 M HClO~4~ at a scan rate of 20 mV·s^--1^ (left); ORR voltammograms of the catalysts taken in O~2~-purged 0.1 M HClO~4~ at a scan rate of 5 mV·s^--1^ (right).](nn-2014-06721f_0001){#fig1}

*In Situ* XAS Characterization {#sec2.3}
------------------------------

![Pt L~3~ edge (left) and Co K edge (right) XANES spectra of Pt~2~Co/C and Pt~7~Co/C in N~2~-purged 0.1 M HClO~4~ at various potentials.](nn-2014-06721f_0002){#fig2}

### Δμ-XANES Analysis (Surface Structure) {#sec2.3.1}

For all the catalysts, the Pt white line intensity increases with applied potentials ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), which is caused by the charge transfer from Pt to the oxygenated species (such as hydroxyl intermediate (\*OH)) accumulated on the surface under high potentials.^[@ref7],[@ref8],[@ref23],[@ref46]^ The high Pt white line intensity of the *ex situ* electrodes indicates their surfaces are largely covered by oxygenated species. Unlike Pt, which can adsorb and desorb oxygenated species repeatedly during voltage cycling, the Co on the surface is spontaneously oxidized when exposed to air, and the soluble Co oxides are quickly dissolved during the conditioning pretreatment in acidic electrolyte, accounting for the drastic reduction of the Co white line intensity of Pt~2~Co/C ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, top right) and Pt~3~Co/C NPs. As for catalysts with low Co content (Pt~4~Co/C, Pt~6~Co/C, and Pt~7~Co/C ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, bottom right)), the Co X-ray absorption near-edge spectroscopy (XANES) between the *ex situ* and *in situ* electrodes are similar, indicating the low population of the exposed Co on the near-surface region. More importantly, the Co XANES of all the Pt~*x*~Co/C catalysts remain unchanged with varying potentials ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} right), which shows that the majority of Co atoms are located inside the NPs without being directly exposed to the electrochemical environment. Therefore, it is clear that all the Pt~*x*~Co/C NPs have Pt--Co cores covered by a Pt surface (Pt~surf~\@PtCo~core~) under *in situ* acidic environment. The drastic difference in XANES between the dry electrode and the electrode under *in situ* electrochemical control highlights the necessity of characterizing the electrode under *in situ* conditions.

![Δμ spectra of Pt~*x*~Co/C and Pt/C catalysts obtained by subtracting the XANES at the Pt L~3~ edge collected at 0.54 V from various potentials in N~2~-pruged 0.1 M HClO~4~ (Δμ = μ(V) -- μ(0.54 V)). The Δμ spectra of Pt~2~Co/C and Pt~7~Co/C are derived from the Pt L~3~ edge spectra in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}.](nn-2014-06721f_0003){#fig3}

Δμ analysis is conducted only on the Pt L~3~ edge XANES, as the Co K edge XANES does not change significantly with applied potentials. The Δμ, defined as Δμ = μ(A/Pt) -- μ(Pt), is surface sensitive because it involves the difference between the XAS absorption when adsorbates are present, μ(A/Pt), and the signal from a nearly adsorbate-free Pt surface, μ(Pt), thus highlighting the small changes occurring on the surface caused by the adsorption. It provides information about the nature of the adsorbate, the adsorbate coverage, and specific adsorption sites on the Pt.^[@ref46]−[@ref49]^ As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, all the Pt~*x*~Co/C and Pt/C catalysts exhibit a Δμ peak with characteristic features of a Pt surface, which can be well mimicked by the Δμ signal given by the theoretical multiple scattering FEFF8^[@ref50]^ calculations using a Pt~6~ or Pt~25~ cluster with or without adsorbates, as reported many times previously in the literature.^[@ref46]−[@ref49],[@ref51],[@ref52]^ This further confirms the Pt-dominant surface of all the Pt~*x*~Co/C catalysts. The monotonic increase in Δμ magnitude with increasing potential reflects the increase in adsorbate coverage with applied potentials. This adsorbate coverage measured in O~2~-free solutions has been widely related to the ORR activities of Pt--alloy catalysts, as the adsorbates are believed to act as "poisons" to the active sites.^[@ref20],[@ref51],[@ref53]^

### EXAFS Analysis (Bulk Structure) {#sec2.3.2}

Comprehensive Fourier transform (FT) EXAFS analysis, which involves analyzing the Pt L~3~ edge, involving Pt--Pt and Pt--Co scattering, and the Co K edge, involving Co--Co and Co--Pt scattering, was conducted on beginning-of-life (BOL) and 5k-cycled Pt~*x*~Co/C and Pt/C catalysts to explore their bulk structures at the atomic scale. For Pt~*x*~Co/C catalysts, first-shell coordination number fitting is applied to both the Pt and Co edges concurrently. EXAFS data collected at 0.54 V (double-layer region where no evidence of electrochemical adsorbates such as H~upd~, O~ads~, and OH~ads~ was found on these Pt-based catalysts) and the first-shell fits for the Pt L~3~ edge and Co K edge of the samples are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} (the corresponding data in k space are provided in [Figures S4 and S5](#notes-1){ref-type="notes"}). The fitting results are listed in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. Basic constraints as follows are introduced for the fitting:Here *R*~Pt--Co~ = *R*~Co--Pt~ is the bond distance for Pt--Co (or Co--Pt) scattering; σ^2^~Pt--Co~ and σ^2^~Co--Pt~ are uncertainties in the bond lengths as suggested by the fitting.

![Pt L~3~ edge (left) and Co K edge (right) EXAFS spectra collected at 0.54 V in N~2~-saturated 0.1 M HClO~4~ electrolyte and the corresponding least-squares fits for BOL and 5k-cycled ([Figure S6](#notes-1){ref-type="notes"}) Pt~*x*~Co/C and Pt/C NP catalysts. The fit of the Co reference foil data is also included for comparison. The vertical black lines are drawn as guides to the eye. As the Co/Pt atomic ratio decreases, the Pt--Co scattering peak intensity decreases and the Co--Pt scattering peak intensity increases, accompanied by a right shift of the main FT peaks.](nn-2014-06721f_0004){#fig4}

###### Summary of EXAFS Results[a](#t3fn1){ref-type="table-fn"}

                      *R*~Pt--Pt~   *R*~Pt--Co~   *R*~Co--Co~   *N*~Pt--Pt~   *N*~Pt--Co~   *N*~Co--Co~   *N*~Co--Pt~                   
  ----------- ------- ------------- ------------- ------------- ------------- ------------- ------------- ------------- ------- ------ ------
  Pt~2~Co/C   0 k     2.703         2.645         2.636         5.5           2.7           3.7           8.5           0.010   1.36   0.92
  5 k         2.719   2.647         2.610         6.8           1.9           4.9           7.1           0.011         1.03    0.75   
  Pt~3~Co/C   0 k     2.699         2.663         2.643         5.7           2.5           3.5           8.4           0.008   1.33   0.91
  5 k         2.721   2.662         2.606         7.1           1.7           4.2           7.7           0.011         1.07    0.79   
  Pt~4~Co/C   0 k     2.713         2.662         2.640         6.3           2.2           3.6           8.5           0.010   1.26   0.88
  5 k         2.723   2.659         2.631         6.6           1.9           3.8           8.3           0.010         1.2     0.84   
  Pt~6~Co/C   0 k     2.730         2.699         2.654         9.0           1.7           0.8           11.6          0.013   1.24   1.07
  5 k         2.739   2.696         2.655         9.0           1.4           1.6           11.4          0.017         1.23    0.98   
  Pt~7~Co/C   0 k     2.734         2.695         2.663         8.7           1.5           0.9           11.2          0.013   1.25   1.05
  5 k         2.743   2.696         2.672         9.1           1.2           1.2           11.5          0.007         1.23    1.00   
  Pt/C        0 k     2.756                                     9.9                                                     0.006           
  5 k         2.757                               10.4                                                    0.006                        

*S*~0~^2^ fixed at 0.756 and 0.7 for Pt and Co, respectively, as obtained by fitting the reference foils. Fits were done in *R*-space, *k*^1,2,3^ weighting. For Pt, 1.0 \< *R* \< 3.0 Å and Δ*k* = 2.87 -- 12.29 Å^--1^ were used; for Co, 1.0 \< *R* \< 3.0 Å and Δ*k* = 1.80 -- 11.75 Å^--1^ were used. *R*~*f*~ is a measure of the goodness of fit.

Values represent the largest statistical errors of all of the least-squares fits determined by ARTEMIS.

The basic EXAFS analysis provides qualitative information on the cluster bulk morphology. The total coordination number of Co (*N*~Co~ = *N*~Co--Pt~*+ N*~Co--Co~) for all the BOL catalysts is ∼12, close to that in bulk Pt--Co alloys. This indicates the majority of the Co is fully coordinated and thus located in the inner part of the NPs. On the contrary, the total coordination number of Pt (*N*~Pt ~= *N*~Pt--Pt ~*+ N*~Pt--Co~) is smaller than that of Co because the Pt atoms on the surface are undercoordinated. These results further confirm the Pt~surface~\@PtCo~core~ structure of all the Pt~*x*~Co/C catalysts, as suggested by Δμ-XANES analysis.

As for core--shell PtM NPs, the EXAFS data at the Pt and M edges are averaged throughout the entire cluster (Pt~shell~ + PtM~core~) and the whole PtM core, respectively, owing to the bulk nature of XAS. The bulk atomic distribution of Pt and M can thus be quantitatively evaluated by the *J* values derived from the coordination numbers (a detailed explanation of the *J* value is given in the [Supporting Information](#notes-1){ref-type="notes"}).^[@ref54]^ However, the atomic concentration gradient within the core, if there is any, cannot be explored by the typical EXAFS analysis or other techniques under operating conditions. To address this problem, all the catalysts were subjected to a modest voltage cycling (5000 cycles) to preferentially remove the Co from the near-surface region.^[@ref29],[@ref30]^ The EXAFS data of the cycled samples reveal the morphology of the PtCo inner core under *in situ* conditions and thereby provide unique insight into the concentration gradient within the PtCo core when combined with the EXFAS data of the BOL samples.

![Coordination numbers and *J* values of the Co (A) and Pt (C) absorbers, and the Co--Co (B) and Pt--Pt (D) bond distances in the fresh (solid line) and 5k-cycled (dashed line) Pt~*x*~Co/C and/or Pt/C catalysts as a function of the nominal Co/Pt atomic ratio.](nn-2014-06721f_0005){#fig5}

The main output of the EXAFS analysis is summarized in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, where the coordination numbers, the *J* values, and the bond distances of the BOL (solid lines) and 5k-cycled (dashed) Pt~*x*~Co/C and Pt/C catalysts are plotted as a function of the initial Co/Pt ratio. The PtCo core morphology is probed by analyzing the EXAFS data at the Co K edge ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A and B). When *n*~Co/Pt~ is ∼0.15 (Pt~6~Co/C and Pt~7~Co/C), the Co atoms are surrounded by mostly Pt atoms (*N*~Co--Co~ ≈ 1 and *N*~Co--Pt~ ≈ 11) and statistically distributed in the cores without Co segregation (*J*~Co~ ≈ 1). When *n*~Co/Pt~ is increased to ∼0.25, *N*~Co--Co~ sharply increases to 3.6 while *N*~Co--Pt~ drastically decreases to 8.5, with consequent drop of *J*~Co~. This indicates the formation of concentrated Co in the cores with increasing Co content. Interestingly, further increase of *n*~Co/Pt~ does not change the values of *N*~Co--Co~, *N*~Co--Pt~, and *J*~Co~ significantly, and these values are close to those of a perfectly disordered Pt~3~Co model (*N*~Co--Co~ = 3, *N*~Co--Pt~ = 9, *J*~Co~ = 1). This appears to suggest the formation of a disordered Pt~3~Co core for these catalysts. However, the *J*~Co~ and *N*~Co--Pt~ of the Pt~2~Co/C and Pt~3~Co/C catalysts drop significantly upon 5k cycles, which indicates that the Co atoms in the inner cores (survived the cycling) are surrounded by less Pt neighbors than the Co atoms in the near-surface region (removed by cycling). This is further confirmed by the drastic reduction in *R*~Co--Co~ upon cycling for these two catalysts ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B), as the *R*~Co--Co~ in the Co-rich cores is expected to be shorter than that in the Pt-rich near-surface region according to Vegard's law. Also we noticed the *J*~Co~, *N*~Co--Pt~, and *R*~Co--Co~ of the cycled samples generally decrease with increasing *n*~Co/Pt~, which clearly shows that the Co concentration in the inner cores generally increases with increasing *n*~Co/Pt~. Thus, we conclude that the Pt~2~Co/C and Pt~3~Co/C catalysts possess a Co concentration gradient such that some Co is concentrated in the inner cores and gradually depletes within the Pt-rich near-surface region. On the contrary, the *J*~Co~, *N*~Co--Pt~, and *R*~Co--Co~ of the Pt~*x*~Co/C catalysts with low Co content (*x* ≥ 4) do not change significantly with voltage cycling, as these catalysts do not possess Co-populated near-surface regions and Co-concentrated inner cores, and thus exhibit a relatively uniform distribution of Co rather than a Co concentration gradient.

The similar analysis on the Pt L~3~ edge further supports the conclusions regarding the atomic distribution drawn from the Co K edge data and also provides additional information regarding the Co loss during cycling. The local coordinate environment of Pt exhibits an expected trend with increasing *n*~Co/Pt~ ratio: the *N*~Pt--Co~ increases and the *N*~Pt--Pt~ decreases, with consequent drop of *J*~Pt~ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C). In addition, the *R*~Pt--Pt~ generally decreases with increasing *n*~Co/Pt~ as expected from Vegard's law, except that the *R*~Pt--Pt~ between Pt~2~Co/C and Pt~3~Co/C NPs is comparable. Note this *R*~Pt--Pt~ trend differs from the monotonic lattice parameter trend as revealed by *ex situ* XRD ([Figure S3b](#notes-1){ref-type="notes"}). The increase in the *R*~Pt--Pt~ for all the Pt~*x*~Co/C NPs after 5000 cycles ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D) is ascribed to the Co loss upon cycling, and the bigger *R*~Pt--Pt~ relaxation observed for Pt~2~Co/C and Pt~3~Co/C points to the higher Co loss. This is further supported by the drastic drop of the *N*~Pt--Co~ observed for these two catalysts. The corresponding drop of the *J*~Pt~ indicates that the Co atoms well alloyed with Pt are preferentially removed, which further confirms it is indeed the Co atoms in the near-surface region that are leached out as seen from the Co side. The less Co loss upon the cycling for Pt~*x*~Co/C NPs with low Co content (*x* ≥ 4) is due to the low Co population in the near-surface region.

![Representation of the atomic distribution of the core--shell Pt~*x*~Co/C NPs under *in situ* conditions changes with initial Co/Pt atomic ratio and voltage cycling. The darker color represents the higher Co concentration.](nn-2014-06721f_0009){#sch1}

[Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"} illustrates our findings of the *in situ* atomic structure of the Pt~*x*~Co/C NPs with varying Co/Pt ratio obtained from Δμ-XANES and EXAFS analysis. All the Pt~*x*~Co/C NPs possess the Pt~surface~\@PtCo~core~ structure under operating conditions. The Pt~*x*~Co/C NPs with high Co content (Pt~2~Co/C and Pt~3~Co/C) possess a Co concentration gradient such that some Co is concentrated in the cores and gradually depletes within the Pt-rich near-surface region; contrarily the Pt~*x*~Co/C NPs with low Co content (Pt~4~Co/C, Pt~6~Co/C, and Pt~7~Co/C) possess a relatively uniform distribution of Co with low Co population in the near-surface region. The Pt~*x*~Co/C NPs with high Co content are subjected to big Co loss during the acid pretreatment and the voltage cycling because the Co in the near-surface region is susceptible to acid dissolution.

Discussion {#sec3}
==========

Structure--Activity Correlation: Compressive-Strain Effects {#sec3.1}
-----------------------------------------------------------

As for core--shell PtM NPs, the surface compressive strain originating from the lattice mismatch between the Pt-rich surface and the M-rich core is believed to play a dominant role in improving their ORR activity *via* altering the electronic properties (such as d-band center) of surface Pt.^[@ref31]^ Unfortunately, quantification of the surface compressive strain requires measuring surface *R*~Pt--Pt~ under working conditions, and this has proven to be very challenging if not impossible. Attempts to derive the surface *R*~Pt--Pt~ from the bulk *R*~Pt--Pt~ for real operating PtM NP catalysts are deemed to be fruitless (a detailed discussion is given in the [Supporting Information](#notes-1){ref-type="notes"}). It is thus tempting to examine whether the bulk average *R*~Pt--Pt~, which can be readily measured under operating conditions by XAS, can serve as a valid descriptor for compressive-strain effects. Accordingly, the compressive strain is defined here aswhere *R*~Pt--Pt~^PtCo^ and *R*~Pt--Pt~^Pt^ are the bulk average Pt--Pt bond distances in the Pt~*x*~Co/C and Pt/C samples obtained by EXAFS, respectively ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}). Note the compressive strain is overestimated here, as the bulk *R*~Pt--Pt~ determined by EXAFS is expected to be shorter than the surface *R*~Pt--Pt~ owing to the surface relaxation.^[@ref31],[@ref55]^

![Measured specific (red) and mass (blue) activities (left) and the Δμ amplitude derived from [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} (\|Δμ\| = \|μ(1.0 V) -- μ(0.54 V)\|) (right) of the Pt~*x*~Co/C and Pt/C as a function of *R*~Pt--Pt~ or the strain (upper *x*-axis). The dashed lines are the linear fitting results, and the corresponding equations and *R* values are given in the figure.](nn-2014-06721f_0006){#fig6}

As shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} left, the intrinsic SAs of the Pt~*x*~Co/C and Pt/C increase nearly linearly with decreasing *R*~Pt--Pt~ or increasing strain. As these catalysts possess a narrow range of ECSA ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}), a linear correlation between their MA and *R*~Pt--Pt~ is also observed. These results demonstrate that the compressive strain plays a dominant role in determining the ORR activity of the Pt~*x*~Co/C NP catalysts and can be represented by the bulk *R*~Pt--Pt~. This implies that the bulk and surface *R*~Pt--Pt~ are strongly correlated despite the surface relaxation. This is likely because the surface strain induced by the core--shell lattice mismatch only gets gradually released for more than 5 Pt layers^[@ref19]^ and, thus, remains largely intact for small NPs with limited atomic layers. In addition, for Pt~*x*~Co/C NPs with low Co content, the surface relaxation is mild due to the relatively weak surface strain. For Pt~*x*~Co/C NPs with high Co content, the strong surface relaxation tendency to relieve some of the intensive strain is however suppressed by the populated Co in the near-surface region.^[@ref41]^ Thus, we conjecture that the Pt~*x*~Co/C NPs with different Co content are subjected to a comparable level of surface relaxation, which may also account for the strong correlations between the bulk and the surface *R*~Pt--Pt~. Nevertheless, the linear correlation between the bulk *R*~Pt--Pt~ and the ORR activity of Pt~*x*~Co/C NPs found in this work shows that the bulk *R*~Pt--Pt~ is a valid strain descriptor as the alternative to the surface *R*~Pt--Pt~, which makes it possible to correlate the catalytic performance of PtM NP catalysts to a property that can be measured under ORR operating conditions.

To gain in-depth insights into the fundamental role played by compressive strain, we show in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, right, Δμ magnitudes (\|Δμ\|), which derive from the maximum magnitude of the Δμ signals displayed in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, as a function of the bulk *R*~Pt--Pt~ or the strain. The \|Δμ\| obtained in the absence of O~2~ originates exclusively from water activation. It reflects the changes in poisonous \*OH coverage and Pt--O bond strength of PtM NPs and tracks well with their ORR activity.^[@ref18],[@ref47],[@ref49],[@ref51]^[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} right shows that the \|Δμ\| generally decreases with increasing compressive strain. This, together with the Pt d-band center downshifting with decreasing *R*~Pt--Pt~ as obtained by FEFF ([Figure S7](#notes-1){ref-type="notes"})^[@ref18]^ or density functional theory (DFT)^[@ref17]^ calculations, confirms that compressive strain weakens the Pt--O bond strength by downshifiting the Pt d-band center and thereby enhances the ORR rate by suppressing the \*OH adsorption that blocks surface sites from the O~2~ reactant.

Composition--Strain Correlation: Vegard's Law {#sec3.2}
---------------------------------------------

As the bulk *R*~Pt--Pt~ of the Pt~*x*~Co/C NPs is linearly related to the ORR activity, it is of particular interest to identify what controls the bulk *R*~Pt--Pt~. A monotonic correlation between the bulk *R*~Pt--Pt~ and the nominal atomic composition is not observed ([Figure S8](#notes-1){ref-type="notes"}). This is likely caused by the different Co loss extent during the acid pretreatment for the Pt~*x*~Co/C catalysts with different initial Co content as suggested by Δμ-XANES and/or the different atomic distribution revealed by EXAFS. To test the hypothesis, we present in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} the Co/Pt ratios of the as-synthesized Pt~*x*~Co/C dry powders and the corresponding *in situ* electrodes under electrochemical control, in addition to the results of the dealloyed PtCo/C and PtCo~3~/C NPs reported by us previously.^[@ref33],[@ref38]^ The *in situ* Co/Pt atomic ratio is derived from the experimentally measured coordination numbers ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}) following the equation^[@ref56]^

![Co/Pt atomic ratio of the Pt~*x*~Co/C catalysts obtained by *ex situ* element analysis (dots) and obtained using the experimentally determined coordination numbers ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}) (circles). The data of PtCo/C and PtCo~3~/C catalysts in refs ([@ref33]) and ([@ref38]) are included for comparison purposes.](nn-2014-06721f_0007){#fig7}

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} clearly shows that the Pt~*x*~Co/C NPs with initially higher Co content are subjected to bigger Co loss during the acid pretreatment. This is because (i) the Pt~*x*~Co/C NPs with initially high Co content contain some Co in the near-surface region that is prone to acid dissolution, as evidenced by Δμ-XANES and EXAFS analysis, and (ii) the Co dissolution can retreat from the surface region toward the inner core of the Pt~*x*~Co/C NPs with high enough Co content that the leaching rate of Co exceeds the surface diffusion of Pt.^[@ref29],[@ref30],[@ref57]^ As a result, the residual Co contents in dealloyed PtCo/C and PtCo~3~ are comparable to those of Pt~3~Co/C and Pt~2~Co/C despite their higher initial Co content. Correspondingly, the *R*~Pt--Pt~(s) in these NPs are very close ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). This unambiguously confirms that the *R*~Pt--Pt~ of Pt~*x*~Co/C NPs is related to the residual rather than initial Co content. Indeed, [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} shows that for all the Pt--Co/C NPs the experimental *R*~Pt--Pt~ values match well with those calculated using the residual Co content based on Vegard's law, despite their dissimilar atomic structures. This also suggests that the bulk *R*~Pt--Pt~ of PtM NPs, or the compressive strain, is predominantly determined by the atomic composition and insensitive to the atomic distribution. The particle size effects on *R*~Pt--Pt~ wear out for Pt/C NPs bigger than 3 nm^[@ref58],[@ref59]^ and are thus negligible here given that the majority of the Pt~*x*~Co/C NPs are greater than 3 nm ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [Figure S2](#notes-1){ref-type="notes"}).

![Specific activity (red triangle) and *R*~Pt--Pt~ (blue dots) of Pt~*x*~Co/C and Pt/C NPs are displayed as a function of the Co content determined by EXAFS. The specific activity (green triangle) and *R*~Pt--Pt~ (green dots) of dealloyed PtCo/C and PtCo~3~/C catalysts reported in refs ([@ref33]) and ([@ref38]) are also included. The *R*~Pt--Pt~ calculated using the *in situ* Co/Pt atomic ratio based on Vegard's law is shown (blue dashed line) for comparison. The slight deviations observed for Pt/C are caused by the shorter *R*~Pt--Pt~ of small Pt NPs (∼2.75 Å) compared to that of bulk Pt (2.77 Å)^[@ref59]^ used for Vegard's law calculations. The red dashed line is a guide to the eye.](nn-2014-06721f_0008){#fig8}

As the SA was shown to be linearly related to the bulk *R*~Pt--Pt~ ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}), a nearly linear correlation between the SA and the *in situ* Co/Pt ratio is expected ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). The linear correlations established between the ORR activity and the bulk *R*~Pt--Pt~ and between the bulk *R*~Pt--Pt~ and the *in situ* atomic composition demonstrate that the bulk *R*~Pt--Pt~ is a valid descriptor for compressive-strain effects and nicely bridges the atomic composition and the ORR activity of PtM NP catalysts. On the contrary, a linear composition--strain--activity was not observed when adopting the initial Co/Pt atomic ratio ([Figure S8](#notes-1){ref-type="notes"}). The linear composition--strain--activity correlation of the Pt~*x*~Co/C NP catalysts clearly shows that their enhanced ORR activity over pure Pt originates primarily from the strain induced by Co and is controllable by tuning the *in situ* atomic composition.

Although the linear composition--strain--activity correlation is demonstrated on the Pt--Co system here, it is not necessarily limited to this system since the key factor, strain, is governed by the universal Vegard's law. To test this hypothesis, a similar XAS analysis procedure was repeated on a series of dealloyed Pt~*x*~Ni/C NP catalysts that were recently demonstrated to exhibit record ORR activity and durability in PEMFCs.^[@ref35]−[@ref37]^ Again, the *R*~Pt--Pt~ is linearly related to the Ni/Pt atomic ratio of the electrode in a PEMFC as governed by Vegard's law ([Figure S9a](#notes-1){ref-type="notes"}). The specific activities of the catalysts exhibit a volcano curve as a function of *R*~Pt--Pt~ as expected from Sabatier's principle of catalysis ([Figure S9a](#notes-1){ref-type="notes"}), but a linear correlation between the *R*~Pt--Pt~ and SA is clearly seen on the weak Pt--O binding leg of the volcano (the region studied in this work), accompanied by a monotonic trend of \|Δμ\| ([Figure S9b](#notes-1){ref-type="notes"}). Interestingly, this linear SA--strain correlation on the weak binding leg of the volcano curve was predicted by DFT calculations on a Pt(111) single-crystal slab under isotropic strain (Figure 6 in ref ([@ref31])). In the same figure the nearly linear correlations between the ORR activity of dealloyed PtCu~*x*~/C catalysts and the strain are also presented.^[@ref31]^ In addition to the Pt--M systems where M represents the late 3d elements, most recently Chorkendorff *etal*.^[@ref60]^ observed a monotonic relation between the activity of Pt~*x*~Y and the surface *R*~Pt--Pt~ derived from *ex situ* EXAFS fits and thereby attributed the enhanced ORR activity over pure Pt exclusively to the strain. These results clearly show that the ORR activity descriptor, *R*~Pt--Pt~, identified in this study is applicable to a wide variety of Pt-based catalyst systems.

The ORR activity of Pt-based catalysts is, broadly speaking, impacted by the interplay of strain, ligand, and particle size effects. The ligand effects in the studied Pt~*x*~Co/C NPs are negligible (if there are any) compared to the concurrent compressive-strain effects, as expected from the theoretical calculations on the Pt--Co system.^[@ref16],[@ref18]^ Given that the SA of Pt/C increases linearly as particle size grows from ∼2 nm to 10 nm, accompanied by a drastic drop of the ECSA,^[@ref61]^ the particle size effects to a large extent are deconvoluted here since the Pt~*x*~Co/C NPs possess comparable mean particle sizes (∼4--5 nm) with narrow size distributions ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), which is further supported by the narrow range of their ECSAs ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). As for catalysts in which the ligand and/or particle size effects play important roles in affecting their ORR activities, the linear composition--strain--activity correlation does not hold. For instance, Antolini *etal*.^[@ref62]^ reported that the ORR activity of Pt--Co/C catalysts was poorly related to the bulk *R*~Pt--Pt~ owing to the wildly different particle sizes of these catalysts, but presented a linear relationship with the integrated intensity of the Pt L~3~ edge at 1.1 V because this parameter takes into account both strain and particle size effects. However, ligand effects^[@ref17]^ are induced by the less noble M atoms in the immediate subsurface that are prone to acid dissolution and thus are devoid or vanish rapidly in PtM catalysts in the highly corrosive and oxidizing conditions at a PEMFC cathode. Particle size effects are essentially related to the abundance of the {111} sites, which increases with increasing particle size.^[@ref61]^ Despite recent progress in developing Pt-based NP catalysts with enriched {111} facets,^[@ref11],[@ref63],[@ref64]^ translation of these conceptual systems to practical PtM NP catalysts that sustain long-term PEMFC operation has been largely unsuccessful since small NPs tend to exist as truncated octahedrons to minimize free energy.^[@ref65]^ The most active and durable ORR catalysts tested in PEMFCs so far are the dealloyed PtM catalysts,^[@ref26],[@ref36]^ for which the enhanced ORR activities are predominantly attributed to the strain effects.^[@ref31],[@ref37]^ In this regard, the strain descriptor *R*~Pt--Pt~ links directly to the ORR activity of practical PtM catalysts in an operating PEMFC.

The linear composition--strain--activity correlation has important implications on the development of active and durable PtM cathode catalysts. The ORR activity of PtM catalysts is limited by the M leaching during the acid pretreatment ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). Likewise, the durability of PtM catalysts is essentially limited by the M leaching during PEMFC operation. Therefore, suppressing M leaching in acidic environments is expected to increase the ORR activity and durability of PtM catalysts. One facile pathway to suppress the M leaching is to reduce the nanoporosity of the PtM NPs.^[@ref66]^ This work suggests M leaching suppression can also be achieved by increasing the Pt overlayer thickness, as the M atoms in the near-surface region are prone to acid dissolution as compared to those buried in the core. This is not necessarily compensated by the attenuation of the compressive strain, which has a long effective range and is insensitive to the atomic distribution. These implications are confirmed by our recent development of dealloyed PtNi~3~/C catalysts with nonporous and ultrathick (∼1.2 nm) Pt overlayers.^[@ref35]−[@ref37]^ These catalysts exhibit record ORR activity and durability in PEMFCs, which was attributed to their extraordinary Ni retention against the dealloying process (thus high Ni content in BOL catalysts) and the extensive voltage cycling in PEMFCs (thus high Ni content in aged catalysts).

Conclusions {#sec4}
===========

In summary, this work has shown that the ORR activity of the Pt~*x*~Co/C and Pt/C NPs is linearly related to their bulk average Pt--Pt bond length (*R*~Pt--Pt~) determined under *in situ* operating conditions, and the *R*~Pt--Pt~ contracts linearly with an increase in *in situ* Co/Pt atomic ratio, as expected from Vegard's law. This linear composition--strain--activity correlation conclusively shows that the ORR activity enhancement of the Pt~*x*~Co/C NPs over pure Pt/C originates from the strain induced by Co substitution in the Pt lattice, and the strain is controllable by tuning the atomic composition. These findings highlight that the *R*~Pt--Pt~ can serve as a valid descriptor for compressive-strain effects and nicely bridges the atomic composition and the ORR activity of Pt-based catalysts. The atomic distribution of Co in the Pt~*x*~Co/C NPs is shown to be strongly dependent on the Co/Pt atomic ratio: the Pt~*x*~Co/C NPs with high Co content (*x* ≤ 3) possess a Co concentration gradient such that some Co is concentrated in the core and gradually depletes within the Pt-rich surface region, whereas the Pt~*x*~Co/C NPs with low Co content (*x* ≥ 4) possess a relatively uniform distribution of Co with low Co population in the near-surface region. The atomic distribution does not affect the ORR activity significantly, whereas it may play an important role in affecting the durability, as the Co atoms located in the near-surface region are prone to acid dissolution, and the corresponding activity gains are not sustained in long-term operations. This composition--strain--activity correlation provides guidance in selecting the synthesis procedures for tuning Pt shell thicknesses, core structures, and overall particle compositions necessary for rational optimization of the ORR activity of Pt-based catalysts.

Experimental Section {#sec5}
====================

RDE Testing {#sec5.1}
-----------

Pt~*x*~Co/C (*x* = 2 to 7) and Pt/C catalysts were made by Tanaka Kikinzoku Kogyo (TKK) Inc. for Automotive Fuel Cell Cooperation Corporation (AFCC). The required amount of catalyst was weighed in a static-eliminated 40 mL glass vial followed by 25 g of 18 MΩ deionized water, 5 g of 2-propanol (ACS grade, Alfa Aesar), and perfluorosulfonic acid--PTFE copolymer (5.3% w/w solution, Alfa Aesar). Deionized water was added to wet the dry catalyst powder to prevent the catalyst from burning prior to the addition of 2-propanol and copolymer. The amount of dry copolymer in the electrode is about 12 wt %. A horn sonicator (Sonifer, model S-450D, disruptor horn, Branson) was used to disperse the catalyst in the solvent mixture at 65% amplitude with 1/1 s ON/OFF pulse intervals for an accumulated 15 min ON time or 30 min total time. During sonication the sample vial was immersed in an ice bath to keep the solvents from evaporating.

Immediately after sonication, 10 μL of ink was pipetted on the glassy carbon disk mounted on a rotator. Then the disk was covered with a glass beaker to prevent dust contamination and rotated at 700 rpm starting within seconds. A table lamp was used to accelerate the drying process. Ink was allowed to dry at 700 rpm for about 25 min. Caution was exercised not to overdry the catalyst, as this may result in flaking of the electrode. The target catalyst loading on the glassy carbon disk is about 10 μg~Pt~/cm^2^. The electrochemical cell was filled with 0.1 M perchloric acid (diluted from 70% double-distilled acid, GFS Chemicals), and the Pt counter electrode and partially H~2~ filled Pt reference electrode were inserted into the cell. The temperature of the cell was maintained at 30 °C by circulating water using a thermostat. All voltages reported were with respect to RHE. The rotating disk electrode was cleaned by cycling the potential between 0.05 and 1.2 V for 100 cycles at a scan rate of 1 V/s in N~2~. ECSA for the catalysts was calculated by integrating the hydrogen desorption area of the voltammogram taken at 20 mV/s scan rate. The columbic charge for a monolayer hydrogen desorption on smooth Pt is assumed to be 0.21 mC/cm^2^. Oxygen was bubbled during ORR measurements, and the electrode was cycled between 1.00 and 0.05 V. The reverse scan (anodic) from 0.05 V to 1.00 V was used to determine the mass and specific activities of the catalyst at 0.9 V.

Microscopic Experiments {#sec5.2}
-----------------------

Particle morphology, compositional measurements, and elemental analysis were performed with a Hitachi S-4800 field emission scanning electron microscope, combined with its EDS module, and a JEOL 2010 field emission gun transmission electron microscope.

X-ray Diffraction Experiments {#sec5.3}
-----------------------------

Analysis was conducted *via* a Bragg--Brentano para-focusing UltimaIV powder diffractometer utilizing a Cu Kα radiation source from Rigaku. Unit cell constants of the samples were refined with the PDXL software program provided by Rigaku Corporation.

XAS Experiments {#sec5.4}
---------------

The electrode inks for the XAS electrodes were composed of 8.2 MΩ purity deionized water (Millipore), 2-propanol (HPLC-grade, Aldrich), 5 wt % Nafion solution (Aldrich), and the catalyst powder. The composition was chosen to give a final electrode with a dry Nafion loading of 5 wt %. The ink was hand-painted onto a Zoltek carbon cloth and dried for 15 min in a 65 °C vacuum oven between coats. The final Pt and Co geometric loadings were chosen to give 0.05 transmission spectra edge heights at the Pt L~3~ and Co K edges, respectively. The aged samples were obtained by cycling the beginning-of-life (after around 100 cycles) electrodes between 0.1 and 1.0 V in a square wave cycle with 2 s hold at each potential for 5000 cycles in a previously described *in situ* spectro-electrochemical half-cell.^[@ref67]^ Note that the voltage cycling conducted in the spectro-electrochemical half-cell here is to explore the atomic distribution of the samples by preferentially dissolving the soluble metal (Co here), rather than evaluate the durability that is typically conducted in a RDE or a PEMFC. The XAS experiments were conducted on both BOL and aged samples at room temperature in the same half-cell through which continuously sparged (N~2~ or O~2~) 0.1 M HClO~4~ was circulated. The samples are conditioned in 0.1 M HClO~4~ under vacuum for 45 min to remove surface oxides and contaminants before being transferred into the half-cell. Potentiostatic control was maintained with an Autolab PGSTAT30 potentiostat/galvanostat (Metrohm USA, formerly Brinkman Instruments). The voltage cycling limits were 0.05 to 1.1 V. The electrode was fully cycled following each potential hold in order to clean the catalyst surface after each potential hold. Before each measurement, the cell was held for 5 min to reach a pseudo-steady state. Data collection was then performed at the chosen potentials held during anodic sweeps. All data were collected in the fluorescence mode at the beamlines of X3B and X19A at the National Synchrotron Light Source (NSLS) (Brookhaven National Laboratory, NY, USA). All of the experimental data were collected in conjunction with the appropriate reference foils to aid in energy alignment and normalization.

The data were processed and fitted using the Ifeffit-based Athena^[@ref68]^ and Artemis^[@ref69]^ programs. Scans were calibrated, aligned, and normalized with background removed using the IFEFFIT suite.^[@ref70]^ The χ(*R*) were modeled using single scattering paths calculated by FEFF6.^[@ref50]^

The Δμ-XANES analysis technique has been described in great detail elsewhere.^[@ref46]−[@ref48],[@ref71]^ Briefly, difference spectra were calculated using the equationwhere μ(V) is the absorption coefficient of the sample at a potential of interest and μ(0.54 V) is the reference signal at 0.54 V, which is considered the clean double-layer region for platinum, *i*.*e*., free of any adsorbed H, O(H), or oxygen adsorbates.

Additional information including the SEM and TEM images, the XRD results, the original XAS spectra at the Pt L~3~ and Co K edges in k space, the EXAFS fitting results of the 5k-cycled samples, and the specific activity as well as the *R*~Pt--Pt~ as a function of initial Co/Pt composition, and the R~Pt--Pt~, specific activity, and Δμ magnitude of dealloyed Pt~*x*~Ni/C catalysts as a function of Ni/Pt ratio are provided in a supplementary file. This material is available free of charge *via* the Internet at <http://pubs.acs.org>.
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